The complexity and diversity of biological samples in proteomics require intensive fractionation ahead of mass spectrometry identification. This work developed a chromatographic method called virtual three-dimensional chromatography to fractionate complex protein mixtures. By alternate elution with different pHs and salt concentrations, we implemented pH and salt steps by turns on a single strong cation exchange column to fully exploit its chromatographic ability. Given standard proteins that were not resolved solely by pH or salt gradient elution could be successfully separated using this combined mode. With a reversed phase column tandem connected behind, we further fractionated as well as desalted proteins as the third dimension. This present strategy could readily be adapted with respect to special complexity of biological samples. Crude plasma without depleting high abundance proteins were fractionated by this three-dimensional mode and then analyzed by reversed phase liquid chromatography coupled with LTQ mass spectrometry. In total, 1933 protein groups with wide dynamic ranges were identified from a single experiment. Some characteristics that correlated to the behavior of proteins on strong cation exchange columns are also discussed.
Introduction
Proteomics has been dramatically developed in recent years since mass spectrometry was introduced into the field of protein identification. 1 One major goal of proteomics is trying to identify and characterize all proteins expressed under defined conditions, 2 which is the basis for further studies.
Although significant progress has been witnessed in the field of protein identification using MS-based methods, most of the proteins identified are relatively high abundance ones, whereas low abundance proteins tend to be identified with low probability and low confidence. However, it is usually the low abundance proteins that play important roles in biological process and have a close relationship with a lot of diseases. Proteomic researchers have been trying to find the best way to identify, if not all, as many proteins as possible from a limited amount of samples. To that end, by the present bottom-up proteomic strategy, the only way is to enrich low abundance proteins relatively or absolutely. Absolute enrichment is trying to improve the absolute quantity of low abundance proteins or to deplete high abundance ones by affinity or precipitation methods directly, [3] [4] [5] [6] [7] [8] [9] [10] [11] whereas the relative enrichment is to pool abundant ones in certain fractions and low abundance ones in other fractions.
Many efforts have been made, including fractionation, depletion, enrichment, as well as mass spectrometry (MS) strategy, to enhance the identification of low abundance proteins. Obviously pre-MS separation methods need further development to extend the dynamic range of proteomic analysis. 12 Most chromatographic fractionation methods so far focus on peptide level, although fractionation on protein level is also promising and necessary. As a matter of fact, differences on protein level are larger than the corresponding differences on peptide level because of the "degeneration" rule from proteins to enzymatic peptide, 13 so fractionation of protein seems to be more efficient than peptide fractionation theoretically. SDS-PAGE has been the most frequently used classical method to fractionate complex samples on protein level, the main advantage of which is the ability of protein sampling and visualization in a rank of their molecular weight to cater to the general need. [14] [15] [16] However, this gel-based method also has its disadvantages: it is unable to resolve proteins with extreme molecular weight and pI value, narrow dynamic range, limited sensitivity to detect low abundance proteins, and labor intensive. 17 Thus, liquid-based methods were introduced to supplement the gel-based approaches and have been proved to be a robust choice. Frequently used techniques include free flow electrophoresis (FFE), 18 high performance liquid chromatography (HPLC), 19, 20 and capillary electrophoresis (CE), 21, 22 among which HPLC is the most popular one. HPLC can be easily handled and performed automatically in liquid phase, which further facilitates the subsequent sample process. The concept of chromatography in proteomics is a little different from that in analytical chemistry because of the large complexity of the biological sample. In analytical chemistry, one would systematically test several conditions to separate samples of relatively simple composition to make the interested analyte fully separated, whereas in proteomics we can not resolve the biological sample completely, which usually consists of numerous proteins and peptides. We prefer using the word "fractionate" rather than "separate" to describe the chromatographic process in proteomics. Still due to the sample complexity, combined multidimensional mode was introduced to enhance the peak capacity mostly on peptide level. The most popular fashion is tandem connection of strong cation exchange (SCX) chromatography and reversed phase (RP) chromatography, which resolve analytes quite orthogonally. [23] [24] [25] The large loading capacity of SCX and strong resolving power of RP are fully utilized. Comparison of SCX and other fractionation methods as the first dimension revealed that SCX can identify more proteins than gel slices and liquid phase isoelectric focusing (IEF). 26 Plasma is known to be a classical proteomic sample with "haystack" of proteins 27 distributed in a dynamic concentration range of more than 10 orders. [28] [29] [30] [31] [32] [33] Although investigation of plasma holds the promise of a resolution in disease diagnosis and therapeutic monitoring, 34 most potential biomarkers are present in quite low abundance. Our laboratory also reported a work of multidimensional chromatography to fractionate human plasma before, 35 and some researchers fractionated plasma by different kinds of chromatography in series and depleting high abundance proteins. [36] [37] [38] [39] Recently some new modes have been developed, for example the multistaged column. 40 We intentionally choose plasma proteome to testify the ability of our new strategy.
In present work a straightforward chromatographic configuration is employed to achieve an automatic online virtual three-dimensional fractionation to deal with proteomic samples of great complexity. By mixing four SCX buffers of different pH value and salt concentration, we can obtain any desired pH and salt steps (discontinuous) or gradient to perform a virtual two-dimensional elution on a single SCX column. The third dimensional fractionation was gained by connecting a RP column tandem to the SCX column. Good reproducibility was shown from four sequential independent experiments on human plasma. Sixty fractions collected from one single experiment were identified by LTQ mass spectrometry, and a total of 1933 protein groups were identified with a false positive rate less than 0.05 and a minimum Delta Cn of 0.1. MO) . Boric acid and phosphoric acid were obtained from Shanghai Chemical Plant (Shanghai, China). Acetonitrile (ACN) and trifluoroacetic acid (TFA) were obtained from Merck (Darmstadt, Germany). Hydrochloric acid (HCl), sodium hydroxide (NaOH), urea, and sodium chloride (NaCl) were also obtained from Sigma. Formic acid (FA) and acetic acid (HAC) were from Aldrich. Guanidine hydrochloride (GuCl), dithiothreitol (DTT), tris-(hydroxymethyl) aminomethane (Tris), ammonium bicarbonate, and iodoacetamide (IAA) were all purchased from Bio-Rad (Hercules, CA). Trypsin was purchased from Promega (Madison, WI). All of the chemicals were of analytical purity grade except acetonitrile, which was of HPLC grade. All of the water used in the experiment was prepared using a Milli-Q system (Millipore, Bedford, MA).
Experimental Section
Chromatographic columns were self-made using the perfusion column media from ABI (Applied Biosystems, Foster City, CA). SCX column of 2.1 × 30 mm 2 packed with Poros HS media was for method validation on standard proteins, and a larger SCX column of 4.6 × 100 mm 2 was made to fractionate plasma sample. RP column was 2.1 × 30 mm 2 , packed with Poros R2 reversed phase media. Particle size of all chromatographic media was 10 µm.
Buffer Preparation. Test buffers used to check column performance were: test buffer A: 50 mM phosphate, 5% ACN, pH 2.5; test buffer B: 2 M NaCl, 50 mM phosphate, 5% ACN, pH 2.5. We made four SCX buffers and two RP buffers in total for protein fractionation. Inherent part of the four SCX buffers was 10 mM phosphoric acid, HAC, boric acid, and 5% ACN as the organic modifier. Buffer A and buffer B were made from the background solution by adjusting the pH value using HCl or NaOH. Buffer C and buffer D were made from buffer A and buffer B, respectively, by adding 2 M NaCl. They were buffer A: 10 mM phosphoric acid, HAC, and boric acid, 5% ACN, pH 2.0; buffer B: 10 mM phosphoric acid, HAC, and boric acid, 5% ACN, pH 10.0; buffer C: 10 mM phosphoric acid, HAC, and boric acid, 2 M NaCl, 5% ACN, pH 2.0; buffer D: 10 mM phosphoric acid, HAC, and boric acid, 2 M NaCl, 5% ACN, pH 10.0. All four buffers prepared above were filtered by 0.22 µm film before use. Buffer E was 0.1% TFA in water; buffer F was 0.1% TFA and 80% ACN in water.
Sample Preparation. Standard proteins: Individual and mixed standard proteins were dissolved in buffer A to a final concentration of 5 mg/mL. Plasma: Human plasma was obtained from a healthy female donor (ages 27, O type), provided by Shanghai Blood Center. Protease inhibitors and anticoagulant were added in when blood was collected. Protein concentration of 81.5 mg/mL of was determined using Bradford protein assay. The plasma was first filtered by 0.22 µm film and then dialyzed in 6 M urea in buffer A. Final concentration was 20 mg/mL, and 1 mL sample (20 mg) was loaded on the SCX column by a multiply injection program.
Automated Virtual Three-Dimensional Chromatography Configuration. We used Bio-CAD Vision Workstation (Applied Biosystems, Foster City, CA) with an auto fraction collector (AFC) built in as our working platform. The system configuration is shown in Figure 1 . Four out of six buffers could be simultaneously blended according to any ratio by a buffer proportioning valve ahead of the main pump. SCX and RP columns were tandem connected, controlled online or offline by six port valves, respectively. We did the standard protein experiment only on the SCX column with the RP column offline, but the plasma fractionation experiment required both columns. Conductivity and pH meters were also included in our system to detect the real-time variation of pH and salt concentration. We set up the auto fraction collector to collect all the fractions based on time scale.
Buffer Linearity Validation. In order to check the buffer linearity of buffer A against buffer B, we mixed these two buffers manually. The proportion of each buffer was from 0 to 100% every ten percents. We also used the online pH meter to measure the real-time pH change of buffer B against buffer A, from 0 to 100% at a flow rate of 1 mL/min. The linearity of Buffer C against Buffer D was also checked the identical way.
Fractionation of Standard Proteins. Salt gradient elution of standard protein was performed by blending buffer A and buffer C (0-100% C in 20 min, 100% C in 20 min, 1 mL/min), while pH gradient elution was realized by blending buffer A and buffer B (0-100% B in 20 min, 100% B in 20 min, 1 mL/ min). The pH and salt combined mode method was set as follows: (1), 10 min 100% buffer A; (2), 5 min 100-50% buffer A, 0-50% buffer C; (3), 5 min 50% buffer A, 50% buffer C; (4), 5 min 100% buffer A; (5), 5 min 70% buffer A, 30% buffer B; (6), 5 min 70-20% buffer A, 30% buffer B, 0-50% buffer C; (7) 5 min 20% buffer A, 30% buffer B, 50% buffer C; (8), 5 min 70% buffer A, 30% buffer B; (9), 5 min 40% buffer A, 60% buffer B; (10), 5 min 40% buffer A, 60-10% buffer B, 0-50% buffer D; (11), 5 min 40% buffer A, 10% buffer B, 50% buffer D; (12), 5 min 40% buffer A, 60% buffer B; (13), 5 min 100% buffer B; (14), 10 min 100% buffer A. Every single standard protein was run under the identical condition as mixture above to get the typical chromatogram to identify them from the mixture.
Fractionation of Plasma. We employed pH and salt step elution instead of gradient elution to fractionate plasma samples. Buffer compositions at each pH and salt step are shown in Table 1 . The SCX column was balanced for 10 min at the flow rate of 2 mL/min after applying a new environmental pH each time. Salt steps lasted 15 min at a flow rate of 2 mL/min to ensure exhaustive elution. Each salt step was followed by a RP circle. The SCX column and RP column were both online when performing the salt step elution at different pH values. Before the RP circles started, these two columns were first both switched offline to let buffer E flush salt off the transportation tubes, and then only the RP column was turned online to perform the RP analysis. The RP method setup was as followed: 5 min (2 mL/min) buffer E to desalt and balance, then the flow rate was changed to 1 mL/min, 0-30% buffer F in 1 min, 30-60% buffer F in 5 min, 60-100% buffer F in 2.5 min, keep 100% buffer F for 2 min, then changed the flow rate back to 2 mL/min, and keep 100% buffer E for 3 min to balance the RP column. Three fractions (2, 1.5, and 2 mL) were collected from each RP cycle (Table 1) .
Sample Preparation for MS Analysis. Sixty fractions of plasma obtained from one experiment (the second run) were lyophilized to dryness and dissolved in 200 µL of 6 M GuCl, 50 mM Tris (pH 8.3), and then mixed with 2 µL of 1 M DTT. The mixture was incubated at 37°C for 2.5 h, and then 10 µL of 0.8 M IAA was added; the mixture was incubated for an additional 40 min at room temperature in darkness. After that, all fractions were exchanged into 50 mM ammonium bicarbonate (pH 8.5) by ultrafiltration through 3K filters (Millipore Technologies) and incubated with 15 µg of trypsin at 37°C overnight. Undigested proteins and trypsin were removed by filtering the mixture through 10K filters. The digested peptide mixtures were lyophilized and dissolved in 20 µL 0.5% FA, half of which was analyzed by linear ion trap mass spectrometry.
LC-MS/MS Analysis. A Surveyor liquid chromatography system coupled online to a linear ion trap mass spectrometry (LTQ, Thermo Electron, San Jose, CA) equipped with an electrospray interface operated in positive ion mode supplied by the manufacturer. Separation was performed on a 75 µm I.D., 10 cm long C18 reversed phase column (Column Technology, U.S.A.). Pump flow was split to achieve a flow rate of 2 Figure 1 . System configuration on the Biocad-Vision workstation, adapted from the machine's manual. All of the six buffers are mixed ahead of the pump. The SCX column and the RP column are tandem connected, which can be controlled online or offline by two six port valves. A pH monitor and a conductivity monitor are equipped to detect the real-time signal of pH value and salt concentration. An auto fraction collector is employed to collect all of the fractions automatically.
µL/min. After sample loading, the column was washed for 30 min with 98% mobile phase A (0.1% FA in water) to flush off remaining salt. Peptides were eluted using a linear gradient of increasing mobile phase B (0.1% FA in acetonitrile) from 2 to 40% in 110 min. The temperature of ion transfer capillary was set to 160°C. A voltage of 3.0 kV was applied to the ESI needle. Normalized collision energy was 35%. The number of ions stored in the ion trap was regulated by the automatic gain control. The instrument method consisted of one full MS scan from 400 to 2000 m/z followed by data-dependent MS/MS scan of the 10 most intense ions, a dynamic exclusion repeat count of 2, and a repeat duration of 1.5 min.
All MS/MS spectra were searched with SEQUEST algorithm 41, 42 against a database adapted from the human International Protein Index (IPI) database (version 3.07, 50,225 entries), in which each genuine protein sequence was followed by a reversed amino acid sequence. The database was similar to the one created by Moore et al. 43 in order to provide an estimate of false positive rate. The only static modification was carboxamidomethylation at cysteine (+57 Da). Two missing cleavage points were allowed. The output results were combined together using in-house software BuildSummary. Proteins sharing the same identified peptides were assigned to a protein group, and protein group instead of protein was used to eliminate redundancy. 44 False positive rate (FPR) was kept less than 5% as the filtration criterion. The FPR was calculated as double of the number of peptides from reversed database divided by the number of peptides from reversed and normal database described previously. 26 The false positive rate remained fixed at the level of less than 5% and Delta Cn more than 0.1 for all peptides of different charge state and miss cleavage site.
Results and Discussion

Speculations upon Chromatographic Behavior of Standard
Proteins on SCX Column. In the beginning, we used 12 standard proteins to check the performance of SCX column Figure 2E , H). When the pH of the buffer system used was elevated to pH 6.0, all 5 proteins mentioned above showed clear peaks ( Figure 2F, I ), but some other proteins (e.g., Ribonuclease B) flowed though the SCX column directly. We concluded that these standard proteins could not be resolved completely by salt gradient elution on SCX column at a given pH. The standard proteins show a wide distribution of experimental pI value against molecular weight. To some extent, this standard protein mixture is a small typical proteome sample; therefore, the situation above mimics what we usually encounter when fractionating complex biological samples using cation exchange chromatography. The selection of the environmental pH value creates the following dilemma: more proteins could retain on SCX column at low pH value, but some proteins are not easily eluted off because of too many charges unless elevating pH value; however, high pH tends to make more proteins flow through off SCX column directly.
Theoretically, SCX chromatography (actually all kinds of ion exchange chromatography) resolves analyte by distinguishing different forces between SCX media surface and analyte surface that mainly rest with the number of contacting surface charge. Note that it is the surface charge, rather than net charge, contributing to the chromatographic separation. For real biological samples, the amino acid composition of proteins or peptides is so different that at a certain buffer pH the charge number and charge state vary dramatically. A low buffer pH value (e.g., pH 2.0, pH 3.7) is preferred to let as many analyte molecules as possible that carry positive surface charges be retained on SCX column. A side effect of loading samples at low pH is that some proteins or peptides with more basic amino acid residues tend to bear too many surface charges to be eluted. From previous experiments we found that some standard proteins could not be easily eluted in low pH environment on SCX column even with salt concentration up to 4 M NaCl; however, they showed good peaks when environmental pH was elevated to pH 6.0. Unlike small peptides or other small chemical molecules, proteins have three-dimensional structures with huge spatial stretch, 45 and the charge distribution is not random even with a native or denatured structure. However, ion exchange resins mostly present a two-dimensional binding surface. Only the most complementary surface of a protein interacts with its corresponding ion exchanger surface. This phenomenon is called preferential orientation effect. 46 For a given protein, there is always a fixed pH value, which is called "surface pI" here (also called "contact pI"), "pIs" for short. As is well-known, pI is the pH value when a protein (or other molecule) has zero net charge in liquid phase (not moved to anode or cathode), while the pIs is the pH value when this protein has zero electrostatic force to the ion exchange media surface. Proteins bind to the SCX media surface when the environmental pH value is lower than their pIs, and flow through the column directly as long as the environmental pH turns higher than pIs. The preferential orientation effect makes that the protein's pIs value not necessarily equal to its pI value (although depends on pI value to a large extent), which means even the net charge of the protein is zero there still may be some charged groups responsible for the interaction with ion-exchange resin surface.
However, it is almost impossible to predict the exact pIs value from the sequence or (and) experimental pI of a protein at present.
On the basis of the situation of the standard proteins above and the characteristic of the strong cation exchange chromatography, a low pH buffer is preferred when loading biological sample of great complexity with wide pIs (also pI) distribution onto SCX column to retain as many proteins as possible. However, low pH will make proteins with high pIs hold large number of charges that tightly bind to ion exchange media surface, and therefore elution of these kinds of proteins usually requires a high salt concentration. For such kind of proteins, increasing salt concentration not only may not work, but also cause protein precipitation on SCX media by salting-out effect. 47 However, distinct peaks were observed when raising the pH of the buffer system to a higher value after loading those "stubborn" proteins at low pH. This phenomenon suggested that we could incorporate online pH changes as another dimension besides salt steps when performing SCX chromatography. We propose to load samples dissolved in low pH buffer first to retain as many proteins as possible, then increase salt concentration to elute off proteins with relative low pIs, which carry less charges and bind loosely to strong cation exchange media, and then raise the environmental buffer pH to decrease positive charges of remaining proteins with higher pIs, again another cycle of salt increase is executed to elute those proteins with freshly decreased number of charges, and so on and on. All proteins will be eluted off step by step easily and thoroughly with low salt concentration based on different pH steps. We proved this idea right on standard proteins mixture, which could not be resolved by salt or pH elution solely but could easily be separated with the combination of these two dimensions on a single SCX column during a single run.
Linearity of the Buffer System. To implement the automatic separation based on both pH and salt elution, we designed a new strategy of blending four buffers of low and high pH value with low and high salt concentrations, respectively, online. Good pH linearity and stability of the blended buffers is necessary to quickly choose the blending ratio for certain pH values. We used phosphoric acid (pK a1 ) 2.12, pK a2 ) 7.21, pK a3 ) 12.67), acetic acid (pK a ) 4.74), and boric acid (pK a ) 9.24) as background ion exchange buffer chemicals, 48 whose pKas are evenly distributed across almost the whole pH range. Four buffers were made from the background buffer of 10 mM of these three acids by adjusting the pH to 2.0 and 10.0 by HCl or NaOH, respectively. Up to 2 M NaCl in buffer C and buffer D was used to perform salt elution and column regeneration. ACN (5%) was added to improve the solubility of hydrophobic proteins, as well as to reduce hydrophobic forces to the SCX column.
As shown in Figure 3A , we got quite good pH gradient linearity from the titration curve of blending buffer A and buffer B, with R 2 (determination coefficient) up to 0.9979. Blending buffer C and buffer D resulted more or less the same linearity with R 2 of 0.9896 shown in Figure 3B . Figure 3C is the online pH curve of blending buffer A and B measured by the online pH meter. Taking advantage of such good pH linearity, one can apply any desired pH value and salt concentration on the SCX column just by changing the blending ratio of the four buffers. There is another mode of generating external pH gradient as reported before by changing buffers of different pH consecutively which requires buffers of consecutive pH value. 49 Apparently our blending strategy is much more convenient. Additional experiments showed that high salt concentration (higher than 1 M NaCl) affects the linearity severely (data not shown), so in this study we limited the salt concentration less than 1 M when fractionating real samples. NaCl (2 M) was only used to regenerate the SCX column.
Method Validation by Standard Proteins. We chose 3 typical standard proteins (ribonuclease B, pI 8.88, MW 13.5 KD; myoglobin pI 6.88, MW 17.5 KD; BSA, pI 4.9, MW 67 KD) out of all the proteins used above to validate our strategy of adding a pH dimension besides salt elution on SCX column. Each of the three proteins can represent a group of proteins with different pIs (we do not know the exact value yet) in complex proteomic sample. These three proteins chosen were eluted from SCX column by salt gradient (blending buffer A and buffer C) or pH gradient (blending buffer A and buffer B) separately. Unlike chromatofocusing, which generated a inner linear pH gradient within columns, we applied an external gradient using our homemade buffer system onto SCX column instead of the so-called poly buffer. 46 The separation result is shown in Figure  4 . Hereinto, Figure 4A , B, C, D show the peaks eluted by salt gradient up to 2 M NaCl at pH 2.0. Only ribonuclease B was eluted correctly (Figure 4A ), whereas BSA and myoglobin did not show any observable peaks ( Figure 4B , C) when they were analyzed. Although we could not say that these two proteins were not eluted at all, at least they were not effectively concentrated into peaks. In addition, when analyzing the mixture of these three proteins, still only ribonuclease B came out, because the retention time and intensity of the peak was identical to that of ribonuclease B ( Figure 4D ). Although these three proteins could be successfully eluted respectively by pH gradient from pH 2.0 to pH 10.0 (Figure 4E , F, G), they were still not fully resolved in a mixture analysis under the identical condition: BSA and myoglobin overlapped almost completely into a higher peak, and ribonuclease B appeared as a shoulder peak ( Figure 4H ). Slowing the pH gradient did not help to improve resolution; the peaks were greatly widened (data not shown) instead. We could not fully separate these three proteins solely by salt or pH gradient elution, at least on this Poros column.
So we decided to turn to the combination of these two elution modes. First we performed salt gradient elution at a starting buffer environment of pH 2.0. Then the pH of buffer environment was increased to 4.4 (measured offline) by adjusting the buffer composition to 70% buffer A and 30% buffer B. Salt gradient elution was realized by increasing buffer C from 0 to 50% (70-20% buffer A, 30% buffer B unchanged to keep the pH stable). After that, another increment of buffer pH to 6.8 was achieved by adjusting buffer composition to 60% buffer B and 40% buffer A. Salt gradient elution was realized by increasing buffer D from 0 to 50% (60-10% buffer B, 40% buffer A unchanged). As shown in Figure 4I , eluted by three cycles of salt gradient on the basis of increased pH steps, three standard proteins were thoroughly separated by this combined gradients successfully: ribonuclease B was eluted at pH 2.0, BSA was eluted at pH 4.4, and myoglobin was eluted at pH 6.8. That is to say this combined mode is effective and sufficient to separate these three proteins which can not be resolved solely by pH or salt elution.
Generally there are two modes of eluting analyte off SCX columns. One is the classical salt elution, in which increasing salt concentration substitutes the analyte adsorbing to the column surface. The other one is pH elution, for example, chromatofocusing, which changes the pH of the buffer environment to gradually reduce charge number of the analyte, and finally the bounded molecules will be flushed off the column owning to decreasing charges and hence decreasing binding forces. Changing environmental buffer pH on SCX column is changing the internal factor: it changes the charge state (surface charge number) of a protein, and thus changes the forces between the protein and the media surface. Nevertheless, salt elution changes the external factor: it can not change the electrostatic force, but competes to replace the proteins by its increasing concentration. These two modes are relatively independent, and thereby complementary to each other, especially when it comes to samples of great complexity. Some proteins have little difference when subjected to pH fractionation, but they are quite different in the salt dimension; similarly, some proteins can easily be eluted and resolved by pH increment but show no good peaks by salt elution. So the combination of pH and salt elution is quite necessary. In this study, the three standard proteins above showed little difference in the pH elution dimension, so their chromatographic peaks overlapped seriously; however, their performances differed a lot in salt elution dimension (e.g., only ribonuclease B could be eluted by salt gradient at pH 2.0). Actually our combined mode of implementing virtual two-dimensional elution on a single SCX column fully exploits the differences of analytes in both pH and salt dimensions; therefore, it could give this protein mixture a good solution to be separated. Choosing pH steps is quite flexible, and it depends on the characteristic of proteomic samples to be fractionated. In fact, we tried several pH steps to separate these three proteins, and only the combination of pH 2.0, 4.4, and 6.8 was optimal. Luckily this pH step selection process is quite convenient using this work's strategy, just by blending four buffers of different ratio, not necessary to prepare buffers of different pH values respectively.
Application to Crude Plasma. From the experiment results of standard proteins above, we concluded that two elution modes could be combined together in a two-dimensional way on a single SCX column to improve its chromatographic ability using our four-buffer system. The effect of pH on separation ability of ion exchange chromatography has already been described. [49] [50] [51] Most samples before were of less complexity; therefore, careful selection of a buffer system at a fixed pH value could satisfy. Great complexity and high throughput in proteomics make comprehensive prefractionation ahead of MS absolutely necessary. 34 We connected an RP column (2.1 × 30 mm 2 , Poros R2, ABI) after a SCX column (4.6 × 100 mm 2 , Poros HS, ABI), as shown in Figure 1 . The SCX column provided primary fractionation of proteins in both pH and salt dimension, whereafter the RP chromatography provided further resolving power, and equally importantly desalted analyte coming from SCX column, which made the following process much easier. Figure 5A is the sketch map of our three dimensions on two columns. The first and second dimensions are implemented on a single SCX column, so our method is called virtual three-dimensional chromatography to distinguish from the genuine three-dimensional way. With different ratios of buffer A, B, C, D, we can apply any desired pH and salt concentration on the SCX column. By keeping the ratio of buffer A and C to buffer B and D constant, we could keep the environmental pH value stable, and by changing the content of buffer C or buffer D we could alter the salt concentration in the buffer system on the basis of pH steps. Therefore, the pH variation is the first dimension, and the salt gradient is the second dimension ( Figure 5A, right) . Proteins eluted by the salt steps are retained by the RP column, desalted by 0.1% TFA (buffer E), and then resolved by the third dimension using a gradient of buffer F.
We used crude plasma without depletion of high abundance proteins as a test sample of great complexity. As we all know, that plasma is a classical proteomic sample with a huge dynamic range. High abundance proteins account for about 90% of the whole weight. 27 In this work, about 20 mg crude plasma was loaded on the SCX column at pH 2.0. We chose 5 pH steps as the first dimension and 20 salt steps in total across the whole pH range as the second dimension. Three-dimensional fractionation of plasma was repeated 4 times in all. As shown in Figure 5B , the overall reproducibility is acceptable, although when it comes to specific RP cycles ( Figure 5B inset) , the chromatograms are not exactly identical, including the elution time and peak shape, but the whole pattern can be well repeated. We also find that the resolution of RP cycle is not very good, which may be the result of the short gradient time performed on such a short reversed phase column. In addition, the particle size of 10 µm of the perfusion media could be another reason. We only collected three fractions from each whole RP cycle, so there was no need to pursue high resolution at the cost of prolonging the total separation time and high backpressure too much.
Sixty fractions collected from the second batch (chosen randomly) were digested into tryptic peptides and subjected to one-dimensional MS analysis. All of the MS/MS spectra were searched against protein sequence database ipi.human.3.07. reversed, in which each genuine IPI human protein sequence was followed by its reversed sequence. 39 We used our in-house software Buildsummary to combine and filter all database search results. Keeping false positive rate less than 5% and Delta Cn more than 0.1, Buildsummary can automatically calculate the filtering criteria for peptide of different charge state (Table  S1 , Supporting Information). The filtering criteria of this work were very stringent compared with other works on plasma (Table S2 , Figure S1 , Supporting Information). 37 (Tables S3, S4 , Supporting Information). In addition, the identification results showed about 70% overlap with all proteins (9504) and 38% with the core proteins (3020) in HUPO Plasma Proteome Project data sets (see Figure S2 , Supporting Information).
Our previous report used salt-only SCX fractionation for plasma proteome, in which 30 fractions were obtained. 35 In this present work, we integrated pH and salt elution in SCX fractionation and much more stringent filters were used for peptide identification. Compared with previous data set, this data presented constant increase of proteins in each pI range ( Figure S3A, Supporting Information) , which should be simultaneously contributed by the more collected fractions (60 vs 30) as well as pH/salt elution. And then, the ratios of increased proteins in basic pI ranges (>7) were significantly higher than those in acidic pI ranges (<7) ( Figure S3B , Supporting Information). These results indicated that the combination of pH with salt elution played an important role in identifying new proteins, especially basic proteins. Because of the existence of low abundance proteins and randomness of the data dependent mode of mass spectrometry, 54 new peptides and proteins are always expected to be found in replicate experiments. 26 However, the increment of unique peptides as well as protein groups will eventually decrease as the injection number increases, 55 which means a plateau of identifications will be seen by repeated analysis of the identical sample, even with increased number of steps employed for prefractionation. 24 , 26 Liu H et al. predicted that 10 replicate runs could achieve 95% saturation in protein identifications for yeast soluble cell lysate. 56 However, we did not get an obvious plateau yet from our 60 fractions, both for protein groups and unique peptides as shown in Figure 6A . The overlap degree of protein identifications between consecutive fractions is on average 43% (Table S5 , Supporting Information), which is much smaller than that of technical replicates of the same sample (usually more than ∼70%) by experience. The most probable reason may be that our efficient three-dimensional fractionation made all the 60 fractions different enough from each other, so each MS run could found considerable number of new unique peptides, and then we got a continuous increment of the numbers of protein groups and unique peptides. However, when it comes to consecutive salt elution steps, the overlap of proteins becomes bigger (about 60%, see Table S6 , Supporting Information). The number of proteins identified by more than one unique peptide in the three fractions eluted from the same one RP cycle mostly shows an ascending trend ( Figure S4 , Supporting Information). It is probably because bigger proteins that are likely to give rise to more tryptic peptides tend to elute later from the RP column. [57] [58] [59] We then inferred that the RP column also played an important role as the third fractionation dimension.
Finding an analyte with the concentration of 10 pg/mL among high abundance proteins (e.g., albumin) is like finding one individual human being by searching through the population of the entire world. 34 The identification dynamic range of MS instrument itself is about 10 3 , combining with online separation method on peptide level the dynamic range can be elevated to 10 4 -10 6 . 12 Obviously there is still a gap compared with the dynamic range of 10 10 of human plasma. Comprehensive fractionation on protein level is able to help to bridge the dynamic range gap. Figure 6B shows the dynamic range of selected proteins in plasma identified in this work, where the y axis is the log scaled value of known protein concentration 34, 37, 60 and the corresponding peptide hits number identified in this work. Proteins with concentrations up to albumin (∼4.5*10 10 pg/mL, 73 316 peptide hits identified in total), low to platelet factor 4 (∼10 ng/mL, 14 peptide hits identified, best matched peptide's Xcorr ) 3.39, Delta Cn ) 0.3), Alpha-fetoprotein(∼6 ng/mL, 4 peptide hits identified, best matched peptide's Xcorr ) 2.45, Delta Cn ) 0.1), tumor necrosis factor alpha (TNF R) (∼1.2 pg/mL, 14 peptide hits identified, best matched peptide's Xcorr ) 3.06, Delta Cn ) 0.19), and interleukin-1 (∼1 pg/mL, 1 peptide hit identified, Xcorr ) 2.18, Delta Cn ) 0.12) which differ in abundance by a factor of about 10 10 , have been identified in a single run, demonstrating that our method is qualified to fill the gap by increasing the identification dynamic range up to 10 10 on the basis of peptide fractionation and MS identification level. In addition, the peptide hits has moderate correlations with protein concentrations in plasma. It is probably because we used the crude plasma without high abundance proteins depletion and analyzed all the fractions with mass spectrometry. Therefore this strategy has the potential to be developed to a semiquantitative one. Figure 6C shows a MS/MS spectrum of one selected peptide coming from platelet factor 4, which is in the low abundance protein list in Figure  6B . We deliberately did not deplete high abundance proteins of plasma in this study. Actually there are many proteins and small peptides binding to the top six high abundance proteins, especially albumin and IgG. 32, 61 It is also expensive and labor intensive to remove high abundance proteins when dealing with lots of clinical samples. It is rather hard to balance such a choice: analyzing crude plasma will find fewer proteins, especially fewer low abundance ones, while removing high abundance proteins tends to lose those bound proteins which are also quite important. Our intensive fractionation using the virtual online three-dimensional strategy proved to be qualified for the challenging task of helping to identify low abundance proteins that are more likely to be biomarker without high abundance protein depleting procedures. This method can help to improve the dynamic range of the total identification workflow, and are able to find quite a few low abundance proteins with great reliability. This is very important in clinical applications: for one reason, clinical samples are always precious, and we always want to get more from the limited sample; for another, molecules related to clinical diseases are almost low abundance ones.
pI or pIs? As discussed above, it is the "pIs", not pI, which directly relates to the elution of the proteins from SCX column, although the pIs depends on the pI value quite a lot. For peptides, pI value is much more consistent with "pIs" than proteins. 50 The difference between pI and "pIs" turns bigger when the molecule gets larger and more complex in amino acid composition, as well as in spatial structure. Theoretically if there is a direct relationship between protein pI value and the elution order, proteins with low pI values should be eluted in relatively low pH and salt concentrations, namely early fractions in this work, whereas proteins with high pI values tend to come from late fractions. Figure 7 shows the distribution of the relative protein abundance within different pI ranges among all 60 fractions with fitted curves indicating the data points' trend. The correlations are not very high from the figure; therefore, the curves can only represent the general trend to some extent. Protein abundance distribution with pI values of less than 5.0 shows a descending trend, and the peak falls into early fractions, which is consistent with the general assumption. The distribution curve within pI 5.0-6.0 also shows a descending trend along the fraction index except for first several fractions. Distribution curves of protein relative abundance within pI 7.0-8.0 and 8.0-9.0 show a similar ascending trend also except for early fractions. Therefore, trend of elution order is on the whole consistent with the hypothesis above: early fractions did give more proteins with low pI values, and late fractions give more proteins with high pI values, from which we can conclude that the SCX plays the key role in the combined mode fractionation. However, the actual curves (connecting each adjacent point, not shown in Figure 7) do not obey the rule above well: quite a lot of points can be found far away from the fitted trend curves. The determining factor (R 2 ) is from 0.25 to 0.37, indicating the correlation is not high, which means the elution is not clearly related to calculated protein pI. Beside the pI values of proteins, there may be other factors affecting the elution process from SCX column.
There are a lot of protein fragments 62 and protein glycosylation 63, 64 in plasma. These fragments and glycosylated proteins would be pooled into different fractions by the SCX column according to different pI (pIs) value resulted from different sequences and modifications; however, these peptides tend to be assigned to the same intact protein precursor in current bottom-up proteomics strategy; therefore, the same protein (e.g., albumin) can be found from quite a few fractions, which may account for the above distributions to some extent. In addition, the degeneration rule 13 from protein to enzymatic peptide and protein homology makes it difficult to assign peptides from database search correctly to their precursors with great homology. Inaccuracy of protein theoretical pI calculation (e.g., taking no account of modifications) may be another reason. In fact, from the experiments of standard proteins above, we also could not see the expected exact elution order inferred from their experimental pI values. Therefore, the preferential orientation effect discussed above may plays a key role in our opinion: it is the "pIs" that determines the elution order, although the "pIs" value could not be determined precisely so far.
Flexibility of the Virtual Three-Dimensional Chromatography. Our virtual three-dimensional mode can readily be adapted with respect to the special complexity of biological samples. During our experiments of plasma fractionation, we tried several pH and salt step combinations before the final decision. First we set the pH steps to 2.0, 6.0, and 10.0 with three salt steps followed by respectively, but found most of the proteins eluted from salt steps at pH 6.0. Then two pH steps of 3.5 and 5.0 were added before pH 6.0; still, there were over many peaks in the range of pH 6.0, so additional salt steps at pH 5.0, 6.0, and 10.0 were appended. At last we got welldistributed fractions. Practical samples may show different abundance profile against "pIs" range, for example, proteins' pIs concentrates at pH 6.0 in plasma. Our method is powerful in dealing with this problem. Just like in this experiment, any pH and salt concentration steps can be formed just by changing different proportion of the four buffers, no need to prepare buffers with different pH values independently. More importantly, when pH and salt elution were combined, the fourbuffer system and step elution could provide flexible elution conditions, such as low pH with high salt, and high pH with low salt. It is beyond the ability of continuous gradient simply blending buffer A (low pH and low salt) with buffer D (high pH and high salt). The pH and salt concentration would increase simultaneously in continuous gradient, resulting in double eluting forces. This kind of strong elution actually would wash molecules from the SCX column very rapidly, thus possibly lower resolution. Currently, pH and salt gradient elution of peptides in SCX have been implemented. 49, 64 However, the elution behavior of proteins would be very different from peptides, since we observed widened peak shapes in pH gradient elution for given proteins (Figure 4 ). On the other hand, proteins tend to be precipitated when pH gradient reaches their pI point, thus the pH/salt step elution should be more practical. Certainly, the situation of complex protein mixture should be much more complicated than peptide mixture and a specific protein. Further studies were needed to investigate the continuous and step elution on protein level.
Conclusions
This present work demonstrates an online virtual threedimensional chromatograph strategy utilizing alternate pH and salt steps, which is intended to decrease complexity of biological samples on protein level. By blending four SCX buffers of different pHs and salt concentrations according to different ratios, we could apply kinds of salt elution at desired pH value instead of preparing all buffers at the very beginning. Given standard proteins that could not be resolved solely using salt or pH elution were successfully separated using our combined mode. We could greatly improve the dynamic range of the protein identification with the help of this strategy for biological samples of great complexity. Good results from plasma identification showed this method's promising application in proteomic and clinical usage. No plateau of protein groups number along the fraction number suggests exhaustive fractionation on protein level. Counting the fractionation on peptide level before MS identification, there are four dimensions of fractionation steps ahead of MS identification in total for a given biological sample. By this four-dimensional intensive fractionation on both protein and peptide level in this experimental design, sample complexity could be effectively decreased. Our data also shows that the calculated protein pI values are to some extent consistent with their elution order from SCX column, but the correlation is not high. In our opinion, however, the elution order should be well related to the "pIs" value, for proteins that are yet difficult to measure and calculate. Of course, in-depth studies are needed to address this question.
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